Joining of structural ceramics is possible using high melting point metals such as Mo and Pt that are heated with a high energy electron beam, with the potential for high temperaturejoining. A 10 MeV electron beam can penetrate through 1 cm of ceramic, offering the possibility ofburied interfacejoining. Because oftransient heating and the lower heat capacity ofthe metal relative to the ceramic, a pulsed high power beam has the potential for melting the metal without decomposing or melting the ceramic. We have demonstrated the feasibility ofthe process with a series of 10 MeV, 1 kW electron beam experiments. Shear strengths up to 28 MPa have been measured. This strength is comparable to that reported in the literature for bonding silicon nitride (Si3N4) to molybdenum with copper-silver-titanium braze, but weaker than that reported for Si3N4 -Si3N4 with gold-nickel braze. The bonding mechanism appears to be formation of a thin silicide layer. Beam damage to the Si3N4 was also assessed.
INTRODUCTION
Ceramics such as Si3N4 and SiC are seeing increasing use for high temperature structural applications such as turbochargers for automobile engines, turbowheels for aircraft auxiliary power units, stator shrouds for gas turbines for power generation applications, ceramic armor, ceramic thermal protection tiles, and high energy flux mirrors. Although ceramics are being fabricated that can survive these challenging environments, their application is still limited by the lack of suitable technologies forjoining them to components such as metal shafts, or forjoining them to themselves. Approaches such as shrink fit, push fit, high temperature active metal brazes, and friction welding have been tried. Success has been demonstrated for braze metaljoints subjected to low or moderate temperatures. For example a Si3N4 turbocharger rotor was joined to Incoloy 903 with an active metal braze with triple-laminated interlayers. This joint was designed to survive a maximum operating temperature of 5500 C (1030° F).' A limitation of most joining techniques is that they require that the entire component be exposed to high temperatures during processing, which may result in degradation in the performance of the metal component. Although localized heating is possible using lasers this technique is not applicable to buried interfaces. Thus alternative joining techniques such as electron beam joining are being explored.
Low energy electron beams produced by electron beam welders with energies in the range of 20 -150 keV have been used to join ceramics in a limited number of experiments. Hokanson et al. used an electronbeam welder with 55 -130 keV, 0.05 -3.0 mA, a welding speed of 12 -76 cm/mm., and a power of 3 kW.2 Bending strengths of 136 MIPa (19.7 ksi) were achieved for alumina-alumina joints. They were also able to achieve joints of 96% alumina to W, Mo, Nb, and Kovar. Rice also reported results for electronlO/SPIE Vol. 2374 beam welded alumina.3 There were problems with cracking and repeatability but strengths of42 -197 MPa for alumina to aluminajoints, and 42 MPa for Ta to aluminajoints were measured. Electron-beam welding of carbides did not show much promise because of decomposition or vaporization. Charge buildup did not appear to be a problem because ofthe combination ofhigh temperature conductivity, electron emission, and nearby supplemental heaters that prevented such a buildup. The success ofthese electronbeamjoining efforts appears to have been limited by the shallow penetration ofthe electron beam (0.1 mm). This necessitates heat transfer to the adjoining material by conduction which is notoriously poor in most ceramics. Thermal stresses due to large thermal gradients often lead to fracture ofthe ceramics.
Using electron beams with accelerating potentials of2 -10 MeV could alleviate some ofthese problems. Energy deposition is much deeper and more uniform through the bulk ofthe ceramic, potentially leading to the elimination ofboth ofthe problems encountered using lower energy electron beamjoining efforts. The objective ofour present work was to evaluate the feasibility ofhigh energy electron beamjoining of ceramics using refractory metals such as Pt and Mo, using the deep penetration and transient thermal characteristics that can be achieved with a high energy, high power electron beam. Figure 1 illustrates the geometry of our experiment, in which an electron beam is incident on the sample from the top. The general characteristics and operating conditions for electron beam heating and joining can be understood from simple calculations. Differential electron beam absorption in matter is governed by the equation:
ELECTRON ENERGY ABSORPTION IN MATERIALS
where S(V) is the collisional stopping power of the electrons at energy V, and p is the mass density of the material. The "electron range" is the maximum penetration distance of electrons of energy V0 into the material. If we assure a uniform stopping power S and an initial beam energy V0, the range is given approximately by:
For the ranges of interest for MeV-class beams, the average stopping power for low atomic number material is about 2 MeV-cm2/g. A 10 MeV beam, then, has a range of about 1.5 cm in Si3N4 (p =3.44 g/cm3).
Silicon Nitride
Metal Foil Silicon Nitride Since the heat capacity for the metal is typically 20% ofthat for the ceramic, it is possible to produce substantially higher transient temperatures in the metal compared to the ceramic.
As the beam impulse energy is conducted into the material, the temperature equilibrates4 on the time scale
For these numbers the relaxation time is t = 0.24 s.
Energy put into the system on a time scale shorter than 'c will not equilibrate temperatures between the regions. On a substantially larger time scale, temperatures are equilibrated. When the ceramic-metal combination is heated rapidly during electron beam exposure, a temperature gradient from the inside to the outer surface occurs. This gradient can produce cracking if the stress from thermal expansion exceeds the strength of the material. The surface stress, a, developed when a plate experiences an infinitely fast quench or heat over a temperature AT is given by5 The maximum allowable temperature differential between the bulk and the surface of the ceramic is given by
For Si3N4:
ATmax85lK.
Therefore, the maximum absorbed energy density that can be tolerated is Ac/a = c pdAT (9) ford=O.3 cm (Ac/a)max 700 J/cm2 for Si3N4.
This must be done on a time scale ofabout t, so the maximum absorbed power density is Pmax 2900 W/cm2.
In our experiment with a non-uniform beam, we find that this estimate is too high by a factor of2: the stress limit for Si3N4 is found to be about 1200 W/cm2 absorbed power.
As a point ofreference, Jasim et al, studied operating regimes for laser surface engineering of zirconia ceramics6 and metal processing. The power regime for ceramic melting and surface sealing was around i0 W/cm2. The above calculations are consistent with this power density range.
RIG!! ENERGY BEAM JOINING EXPERIMENTS
Joining experiments were conducted at 10 -15 MeV with an RF linear accelerator at Titan Corporation. Standard conditions of 10 MeV, 0. 19 A beam current, 6 tsec pulse width, and 1 1 J per pulse were used for most ofthe testing. Average beam power was changed in the experiment by varying the repetition frequency up to the maximum of 100 Hz.
Experiments were conducted both in air and in vacuum. For experiments in air, a thin stainless steel vacuum window (0.01 cm) was used to separate the accelerator column from atmosphere. At 10 MeV, there was no more than 2% beam energy loss in the exit foil. For the vacuum experiments, the exit foil was used to isolate the processing vacuum chamber from the accelerator column. Vaporization of sample materials during heating can produce a significant increase in vacuum pressure. Therefore, the stainless steel foil served to protect the accelerator from excessive outgassing.
Beam intensity profiles for the 10 MeV beam were measured using radiation darkening of glass plates. While this technique is often used for qualitative beam observations, it has not been used previously for quantitative measurements. Six glass plates were exposed to the beam for a varying number of pulses (10-388) to create the calibration plot of optical density versus beam density shown in Figure 2 . Optical density, defined as the log of the optical transmission, was measured with a densitometer. The intensity scale is linearly related to the number of beam exposure pulses. Note that the glass darkening effect begins to saturate at a density above 0.2. Figure 3 is the beam profile for the 10 MeV, 0. 19 A beam that was used for the ceramic joining experiments. This beam profile was obtained from the glass plate samples, averaging density measurements across two orthogonal scans, with the saturation correction from Figure 2 .
The peak beam intensity for 70 Hz is 1 = 3622 W/cm2. The half-width ofthe beam, the radius which includes half of the beam power, is 2 mm. The average beam power within the half-width is 11/2 =3175 W/cm2. This beam size is consistent with the material heating and damage patterns seen in the experiment. Radius (mm) Fig. 3 Beam power density versus radius for "standard conditions": 10 MeV, 0.19 A peak current, 6 ts pulse width, 70 Hz repetition rate.
Si3N4 was obtained from Allied Signal Ceramic Components. The material was GN1O Si3N4 and its additives are Y2 03 and SrO. Sample dimensions were 1.3 cm x 1.3 cm x 0.3 cm and 1.3 cm x 1.3 cm x 0.6 cm. The refractory metal foils were 25 or 50 .tm thick and were cut in squares with an area of 1.3 cm x 1.3 cm for sandwiching between pieces of Si3N4. Specimens were cleaned and then placed on top of each other with the refractory metal foil sandwiched in between. The top and bottom pieces of Si3N4 were offset from each other slightly to facilitate shear testing after joining. The samples were placed on top of a porous zirconia refractory plate which was then placed in a stainless steel fixture. This fixture provided an electrical path to prevent charge build-up and also allowed a light pressure to be exerted on the pieces to be joined.
EXPERIMENTAL RESULTS

Joint Shear Stren2th of 10 MeV Electron Beam Joined Specimens
The Mo foil from one ofthese samples after shear testing is shown in Fig. 4 . At the center ofthe beam, metal melting has occurred, but because the Mo poorly wets the Si3N4, the molten metal appears to have retreated to the edges ofthe unmelted metal. Surface damage to the Si3N4 (cratering and microcracking) is apparent in the region ofhighest power density, at the center ofthe beam. The bonded region occurs in an annulus ofradius 1 -2 mm, where the power density is between 1000 -2000 W/cm2. This appears to be the best range for beamjoining, where the temperatures are sufficient to achieve bonding reactions, but low enough so that material damage is avoided.
Scanning Electron Microscope (SEM) observations ofthe bonded regions ofour samples suggest that the bonding mechanism is reaction bonding, rather than a simple melting, wetting, and resolidification of the metal. Electron microscope analyses at the Pt -Si3N4 interface reveals thin reaction layers ofPt3Si, a known Pt silicide,7 and Pt4Si. These reaction layers, which are approximately 1-2 tm in thickness, appear to be responsible for bonding. Reaction layers of Mo5 Si3 and Mo10Si3 are also observed at the interfaces between the Mo and the Si3N4. Similar phases have been observed in hot-pressed Si3N4 -Mo-Si3N4 joints.8'9
Compressive shear strengths were measured on a mechanical testing frame at a loading rate of 0.1 cm/mm. The shear strength was calculated from the actual bonded area, as measured with ultrasonic inspection. The shear strengths for two Pt joints were 10.5 and 11.5 MPa. The average strength for five Mo joints was 23 MPa, with a range from 11 to 28 MPa. Ultrasonic scans of the joints indicated considerable nonuniformity of the bonding, with a central region being unbonded, the adjacent region being relatively well bonded, and the outermost region being poorly bonded or unbonded.
Mo-S13N4
Bonded Region Si3N4 Damage Region We have achieved strengths in the low end ofthe range of strengths achieved forjoints fabricated using conventional techniques (30 -320 Mpa). In previous shear strength measurements, Akselsen, et al,'°s howed shear strength vs. braze temperature and shear strength vs. braze time for Si3N4 -Si3N4 joints brazed with Cu-Ti alloys. They observed a maximum value of320 MPa (46.4 ksi), but values ranged between 30 MPa and 320 MPa. Kang" reported shear strengths of292 MPa for Ti-coated Si3N4 brazed with Au-Ni, and 3 1 1 MPa for Zr-coated Si3N4 brazed with Au-Ni. Mizuhara measured shear strengths of 28 -36 MPa for Si3N4joined to Mo with Cu-Ag-Ti braze alloy.'2 Thermal expansion mismatch stresses between the Si3N4 and the Mo likely contribute to the low strength ofthese joints. Kang also reported torsional shear strengths of 1 51 MPa for Si3NINi/Incoloy 909 brazed joints at room temperature and 11 MPa at 6500 C. Selverian and Kang'3 measured the strength of Si3N/Mo/Jncoloy 718 joints and obtained values of 82.4 MPa at room temperature and 0.84 MPa at 95Ø0 C. Our results are for initial experiments and are expected to improve significantly with a more uniform beam profile.
SL Bend Strength After Exposure to 10 MeV Electron Beam
Four point bend strength measurements were made on bend bars of as-received GN1O Si3N4, and on bend bars exposed to the 10 MeV electron beam at a peak power density of3770 W/cm2. The mean strength of the samples exposed to the beam was 607 MPa, compared to the as-received strength of 970 MPa. Although the strength ofbeam-damaged Si3N4 represents a retained strength ofonly 62 %, the strength after exposure is still high relative to other ceramic materials. Breakage occurred at the location of the peak power density, where microcracks and craters degraded the material. The bend strength is expected to be much less affected when we use a uniform, lower-power beam in the range of 1000 -2000 W/cm2.
MODELING SIMULATIONS
Radiation transport and heat transfer simulations were employed in support ofthe design and analysis of these exreriments. The ACCEPT code ofVersion 3.0 ofthe Integrated TIGER Series (ITS) code system1 was used to obtain the three-dimensional energy deposition profiles in the experimental geometries using 1 0 MeV energy, 0. 1 9 A current, and the beam power profile shown in Figure 3 . The thermal analysis code P/THERMAL was used to resolve transient temperature distributions within the computational domain.'5 Energy was allowed to radiate from the exposed faces ofthe ceramic to surrounding surfaces which were assumed to remain at a constant temperature of298 K. Thermo-physical properties for the various materials were modeled as temperature dependent quantities and were acquired from published data and the manufacturer's specifications. The interface between the metal and ceramic was modeled by contact resistance and gap radiation. Because the brazing experiments were carried out in an evacuated chamber and the physical clamping pressures were minimal, a relatively low contact thermal resistance of 30 W/m2 K was used.
Temperature versus time curves for the molybdenum and adjacent Si3N4 nodes from this simulation are presented in Figure 5 . Note that the temperature of the molybdenum is about 6000 C higher than the Si3N4; the molybdenum is just over its melting point (2662° C), and the Si3N4 is just below its decomposition temperature (1900° C). Melting of the molybdenum layer while remaining below the Si3N4 decomposition temperature within the bonding zone are the conditions that we observe in the experiments, and are the non-equilibrium conditions that lead to bonding. 
CONCLUSIONS
These experiments demonstrated the feasibility of high energy electron beamjoining of ceramics, particularly for the difficult buried interface problem. Si3N4 -Mo -Si3N4 bonding occurred at 1000 -2000 W/cm2, where the effects of ceramic cratering and damage are minimized and the temperatures required for reactive bonding are achieved. Si3N4 -Pt -Si3N4 bonded around 600 WIcm2. Reactions between the metal and ceramic produced suicides that bond the metal to the ceramic. We measured compressive shear strengths up to 28 MPa. Further experiments will be conducted to provide a uniform beam over the entire sample, reduce the peak power levels used in this experiment, and optimize the conditions for reactive bonding. With these experiments, we hope to produce higher uniformity of bonding, higher strength, and lower damage to the ceramic material.
